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Abstract

We report on a new method for detecting photons using the stress caused by photoelectrons emitted from a metal "lm
surface in contact with a semiconductor microstructure which forms a Schottky barrier. The detection of photons results
from measuring the photo-induced bending of the Schottky barrier microstructure due to electronic stress produced by
photoelectrons di!using into the microstructure. Internal photoemission has been used in the past to detect photons,
however, in those cases the detection was accomplished by measuring the current due to photoelectrons and not due to
electronic stress. In this work we studied the photon response of 500 nm thick Si microcantilevers coated with a 30 nm
layer of Pt. Photons with su$cient energies produce electrons from the platinum}silicon interface which di!use into the
Si and produce an electronic stress. Since the excess charge carriers cause the Si microcantilever to contract in length but
not the Pt layer, the bimaterial microcantilever bends. The charge carriers responsible for the photo-induced stress in Si,
were produced via internal photoemission using a diode laser with wavelength j"1550 nm. ( 2000 Elsevier Science
B.V. All rights reserved.

1. Introduction

Photon detection and imaging has extensive
medical, industrial, military, and commercial
applications. The detection of infrared (IR) radi-
ation, which is the second most intense radiation
source in our environment, is very important for
a variety of activities both commercial and military.
Developing detectors that can sense electromag-
netic radiation, in the mid-infrared region (3}5 lm)
and in the far-infrared region (8}14 lm), allows the

detection of unilluminated objects that are at room
temperature. Presently, there are several families of
available photon detectors, including a number of
various solid state photon detectors [1]. Infrared
photon detectors [2,3] are in general classi"ed as
quantum detectors [2] or thermal detectors such as
pyroelectric [4], thermoelectric, resistive micro-
bolometers [5}7], and microcantilever thermal de-
tectors [8}11]. In photon detectors, incoming
radiation is converted into electronic excitation; in
thermal detectors, conversion of radiation into heat
takes place, which is subsequently sensed as cha-
nges in the detector temperature. Among the vari-
ous electromagnetic radiation detectors, the
photon detector class has fast response times and
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Fig. 1. Schematic diagram showing the bending process of
a MSMQD exposed to photons. Surface stresses s

1
and s

2
are

balanced at equilibrium. Also depicted is the accompanied con-
traction of the semiconductor lattice following the injection of
excess charge carriers.

high detectivities, DH. Thermal detectors have
a very broadband response, since they are based
upon thermal conversion of the absorbed energy.
Recently, a new type of thermal detector based on
microcantilevers was developed [10,11] with a re-
ported [10] DH&108 cm Hz1@2 W~1. More re-
cently, our group has developed a new approach
for producing compact, light-weight, highly-sensi-
tive micromechanical photon detectors that are
based on MEMS (micro-electro-mechanical sys-
tems). It relies on the precise measurement of elec-
tronic stress due to internal photoemission in metal
semiconductor micromechanical quantum de-
tectors (MSMQD). When a MSMQD is exposed to
photons (with energies above the Schottky barrier),
the excess charge carriers generated induce an
electronic stress, which causes the silicon microcan-
tilever to de#ect. This response is depicted sche-
matically in Fig. 1 for a MSMQD in the form of
a microcantilever. Surface stresses s

1
and s

2
are

balanced at equilibrium, generating a radial force
F
3

along the medial plane of the microcantilever.
These stresses become unequal upon exposure to
photons, producing a bending force, F

;
, that dis-

places the tip of the microcantilever. Furthermore,
since these MSMQDs are coated with a material
that exhibits dissimilar thermal expansion proper-
ties than the semiconductor, the bimaterial e!ect
will cause the device to bend in response to the
electronic stress. The extent of bending is directly
proportional to the radiation intensity.

Earlier work has shown that microcantilever
bending can readily be determined by a number of
means, including optical, capacitive, piezoresistive,
and electron tunneling with extremely high sensi-
tivity [12]. For example, the metal-coated micro-
cantilevers that are commonly employed in AFM
allow sub-Angstrom ((10~10 m) sensitivity to be
routinely obtained. For example, Hansma [13] and
Binnig [14] have demonstrated AFM sensitivities
of 10~11 N, corresponding to bending magnitudes
of approximately 5]10~11 m. Recently, even
smaller microcantilever de#ections were measured
with a resolution of &0.4]10~12 m [15,16]. Stan-
dard AFM microcantilevers are typically
100}200 lm long, 0.3}3 lm thick and 10}30 lm
wide, and can be fabricated from various dielectric
or semiconducting materials. Microcantilevers

made out of GaAs were also fabricated with
a thickness of merely 100 nm [17]. When even
thinner microcantilevers were used, measurements
of 10~18 N have been reported. When microcantil-
evers are used as photon detectors and not as
thermal detectors, they have faster response times
and higher performance than that of microcantil-
ever thermal detectors. Microcantilevers can be
mass produced at relatively low cost using standard
semiconductor manufacturing methods. Since
microcantilevers can be easily manufactured in
one- and two-dimensional arrays having 500 or
more individual microcantilevers on a single wafer,
this technology may be practical for manufacturing
sensitive photon detector arrays with spatial res-
olutions comparable to current charge- coupled
devices (CCD) detectors.

2. Metal}semiconductor photo-induced
electronic stress

Microcantilevers (see Fig. 1) undergo bending
due to the di!erential surface stress [18]
(*s"s

1
!s

2
) created by transient expansions; the

top (photon exposed) side expands sooner than the
bottom (unexposed) side thus creating a di!erential
surface stress. Earlier work has shown that the
absorption of photons by a solid results in
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temperature changes and thermal expansion which
in turn gives rise to acoustic waves at frequencies
corresponding to the amplitude modulation of the
incident photon beam [19,20]. It was also demon-
strated that the elastic wave stress amplitude can be
larger than the radiation pressure amplitude [19].
Acoustic signals that result from thermoelastic
coupling have been used to obtain photoacoustic
images of thin metallic "lms. It has been reported
earlier that photoacoustic generation in semicon-
ductors is due primarily to photogenerated charge
carriers [21] and not to thermoelastic e!ects [22];
of course the energy of the incident photons has to
be larger than the band-gap energy of the semicon-
ductor. It is well known that in a semiconductor the
generation of `freea charge carriers (electrons and
holes) via photon irradiation results in the develop-
ment of a local mechanical strain [21,23]. This
additional strain adds to other strains resulting
from temperature changes of the semiconductor.
When the photon #ux is high enough to cause the
semiconductor to heat, the subsequent expansion
(or contraction) can be detected as acoustic waves
with conventional photoacoustic techniques
[20,24].

In a semiconductor structure of thickness t and
energy band-gap e

'
, the change in total surface stress

due to a change in charge carriers, *n, will be given
by the photo-induced stress, *s

1*
, viz. [21,23,25]

*s
1*
"A

1

3

de
g

dP
*nBE, (1)

where, de
'
/dP is the pressure dependence of the

energy band-gap and E is the Young's modulus.
A hole (in the valence band) decreases the energy of
covalent bonds while an electron adds to the bond-
ing (or antibonding) energy. Therefore there is
a competing e!ect between the thermal and the
photo-induced stress. When de

'
/dP is negative, the

photo-induced stress is of opposite sign than that of
the thermal stress and will tend to make the
semiconductor crystal contract.

For a rectangular bar (Fig. 1) of length l, width w,
and thickness t, the reciprocal of the radius of
curvature, R, is given by Stoney's relationship [26]

1

R
"

6(1!l)
Et

*s
1*

, (2)

where, l is the Poisson's ratio. Using Eq. (1) the
above equation can be rewritten as [25]

1

R
+

2(1!l)
t

de
g

dP
*n. (3)

The reciprocal of the radius of curvature is approx-
imately equal to d2z/dy2 [27]. Then the maximum
displacement z

.!9
of the microcantilever is given by

z
.!9

+

(1!l)l2
t

de
g

dP
*n. (4)

The bending of a microstructure given by Eq. (4) is
solely due to photo-induced surface stress. How-
ever, the overall change in z

.!9
will depend on

several physical and mechanical properties of the
metal/semiconductor system. Assuming that an in-
cident radiant power, U

%
, in a semiconductor

microcantilever changes the number density, *n, of
excess charge carriers, we get

*n"g
j
hc

q
L

lwt
U

%
, (5)

where g is the quantum e$ciency,
h ("6.625]10~34 J s) is Planck's constant,
c ("3]108 m s~1) is the speed of light, and q

L
is

the lifetime of the carriers in the semiconductor.
The quantum e$ciency for a Schottky barrier can
be described as [3]

g"C
0

(hc/j!W)2

hc/j
"C

0

hc

j A1!
Wj
hc B

2
, (6)

where C
0

is in units of inverse energy and depends
on the quantum yield and t is the Schottky barrier
height. Then the maximum displacement z

.!9
can

be rewritten as

z
.!9

"C
0

(1!t)l2

t A1!
Wj
hc B

2 de
g

dP

1

lwt
q
L
U

%
. (7)

We can then de"ne a de#ection responsivity
R"z/U

%
, viz.,

R"C
0

(1!l)l
wt2

de
g

dP A1!
j
j
#
B

2
q
L
, (8)

where j
#
("hc/t) is the cuto! wavelength for

photoemission form the Schottky interface.
Since the charge carriers can be generated in

a very short time the photo-induced stress can

P.G. Datskos et al. / Ultramicroscopy 82 (2000) 49}56 51



Fig. 2. Calculated de#ection of a Pt}Si quantum detector due to
internal photoemission stress as a function of photon
wavelength for an absorbed power of 1 nW. The solid curve was
calculated using Eq. (9).

manifest itself much faster than thermal stress. In
the above treatment we ignored the thickness of the
bimaterial layer. The bending, z

.!9
, of bimaterial

microcantilevers caused by photoemission due to
incident radiant power, U

%
, can be written as [28]

z
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where t
1

and t
2

are the thickness of the bimaterial
layer and microcantilever substrate, l is the micro-
cantilever length, E

1
and E

2
are the Young's

moduli of the bimaterial layer and microcantilever,
and EH is the e!ective Young's modulus of the
coated microcantilever and is given by EH"
E
1
E
2
/(E

1
#E

2
). Materials with large di!erences in

their Young's moduli will o!er better de#ection
sensitivity. However, the larger the di!erence be-
tween the Young's moduli the more di$cult it
becomes to deposit a bimaterial layer and not pro-
duce `curleda microcantilevers [11,16]. The depos-
ition of metal layers on thin microcantilevers to
produce unstressed structures with no bending is
di$cult and requires extremely high-thermal stabil-
ity. Bimaterial microcantilevers with no noticeable
bending have been produced when care was taken
to avoid any temperature rises during the
bimaterial deposition process [16] In those studies,
the investigators broke down the complete depos-
ition process into 20 steps in order to avoid the
temperature of the microcantilever rising during
the deposition.

Using values found in the literature [29] for Si
(de

g
/dP"!2.9]10~24 cm3, and E

1
"1.69]

1012 dyn/cm2) and for Pt (E
2
"1.91]

1012 dyn/cm2), we calculated from Eq. (9) the
photo-induced de#ection of a Pt-Si microcantilever
photon detector as a function of photon wave-
length; the absorbed power was assumed to be
1 nW. The Pt}Si microcantilever photon detector
was given a length l"100 lm, width w"20 lm,
thickness t"500 nm and a 30 nm Pt coating. The
overall bending due to internal photoemission is

plotted in Fig. 2 and can be seen to decrease with
increasing wavelength up to the cuto! wavelength
of PtSi (j

#
"5.5 lm).

3. Experimental

Although bending of micromechanical devices
can readily be determined by a number of means
(optical, capacitive, electron tunneling, and
piezoresistive methods), in the present work we
used optical readout techniques. The approach
used was adapted from standard AFM imaging
systems, and is shown schematically in Fig. 3. Pt}Si
microcantilevers were mounted on a three-axis
translation stage to facilitate "ne adjustment of the
microcantilever relative to the rest of the experi-
mental apparatus. Collimated optical radiation
from a diode laser was used to evenly illuminate the
mounted microcantilever (pump wavelength of
1550 nm, centered on the Pt}Si microcantilever,
which had an e!ective length of 100 lm). A
mechanical chopper was used to modulate the in-
coming photon radiation. This con"guration pro-
vided a #exible, easily controlled test system for
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Fig. 3. Schematic of the experimental setup and the optical
readout scheme used in the present studies.

quantifying microcantilever response to optical en-
ergy. All measurements were conducted at ambient
temperature and atmospheric conditions.

A second laser was used in a probe con"guration
to monitor bending. A 3 mW HeNe laser was
focused onto the tip of the microcantilever using
a 10] microscope objective; in order to minimize
heating of the tip by the probe laser, the optical
power was reduced by placing a neutral density
"lter with an optical density of 1.0 between the
probe laser and the objective. A quad-element
(A,B,C,D) photodiode detector was used to collect
the re#ected probe beam. The current output
(i
A,B,C,D

) of the photodiode depends linearly on the
bending of the microcantilever. A narrow bandpass
optical "lter is placed in front of the photodiode
allowing the laser beam to be detected while
preventing other wavelengths from reaching the
photodiode. The ampli"ed di!erential current
signal from the quad cell photodiode,
i
A,B,C,D

["(i
A
#i

B
)!(i

C
#i

D
)/(i

A
#i

B
#i

C
#i

D
)],

is monitored and recorded using a digital oscillo-
scope (TDS 780, Tektronix) or sent to a lock-in
ampli"er (SR850, Stanford Research Systems) for
signal extraction and averaging. Optical response
characteristics of the 0.53 lm thick Pt}Si microcan-
tilever were evaluated.

During our studies we fabricated platinum silic-
ide by coating Si microcantilevers with a thin layer
of Pt (30 nm). The microcantilevers were made
from p-type Si. We used a broad argon ion beam
and a Pt target to sputter a thin coating on one
surface of the Si microcantilevers. The coated devi-
ces were placed in a vacuum chamber and were
heated to about 4503C for a period of 3}4 h to

produce platinum silicide at the interface of Si and
Pt. It is well known that initially Pt

2
Si is formed

and with additional time at the annealing temper-
ature the conversion of Pt

2
Si to PtSi occurs [3]. In

addition, the heating process helped reduce any
residual mechanical stresses that were created as
a result of the deposition process. This procedure
seemed to result in microcantilever structure with
almost no residual bending in the steady state.
However, it is interesting to note that we observed
that the resonance frequency of the Pt}Si micro-
structure was lower than the uncoated Si. It is
rather di$cult to say how much of the observed
frequency shift was due to pure mass loading and
how much due to residual stresses.

4. Results and discussion

Pt}Si microcantilevers were exposed to photons
from a diode laser with wavelength j"1550 nm
and using a mechanical chopper, the incoming
photon radiation was modulated at a frequency of
1120 Hz. Since Si is transparent to photon
wavelengths above 1100, 1550 nm photons can
reach the interface of Pt and Si and generate photo-
electrons from platinum silicide. These electrons
can drift into Si and cause an electronic stress. We
measured the de#ection of Pt}Si microcantilevers
as a function of time and in Fig. 4 plotted the
temporal response when the absorbed optical
power was 20 nW. The absorbed power was cal-
culated using U!"4

%
"a

!"4
U*/#

%
A

#!/5
/A

4105
, where

a
!"4

(+0.01) is the photon absorptivity of Pt at
1550 nm, A

#!/5
is the cantilever area and

A
4105

("1.75 mm2) is the area of the focused laser
beam at the plane of the microcantilever. As can be
seen from Fig. 4, the Pt}Si microcantilever
responds rapidly to incoming photons that gener-
ate photoelectrons from the Pt}Si surface which, in
turn, cause a measurable mechanical bending. For
similar structures, thermal e!ects have been found
to play a role in slower time scales with a time
constants '10~3 s [9,10,30]. Since de

g
/dP

(!2.9]10~24 cm3) is negative for Si [29], excess
electrons present in the Si will cause Si to contract
while the Pt layer will either expand or remain
una!ected. It is this bimaterial e!ect that makes
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Fig. 4. De#ection of a Pt}Si microcantilever [curve (a)] due to
internal photoemission at the Pt}Si interface when exposed to
photons with j"1550 nm and an absorbed power of 20 nW.
The dashed curves (b) and (c) are associated with the left-vertical
axis. The dashed curve (b) represents the signal from the modu-
lator and shows the amount of time the Pt}Si microcantilever
was exposed to photons. The dashed curve (c) is the signal from
the quad cell photodiode and shows the time response of our
optical position measuring circuit.

Fig. 5. De#ection of a Pt}Si microcantilever as a function of
absorbed power due to internal photoemission when exposed to
photons with j"1500 nm.

the micromechanical structure exhibit increased
bending when exposed to infrared photons. We
should point out that the temporal response of the
Pt}Si microcantilever shown in Fig. 4 (solid
curve a) is limited by the time constant of optical
read-out electronics. This observation is supported
by the response of the read-out quad cell photo-
diode shown in Fig. 4 (dashed curve c). It can be
seen that the photodiode response is dramatically
in#uenced by the time constant of the read-out
circuit.

We also exposed our Pt}Si microcantilever to
varying input radiant power and measured the
microcantilever bending due to electronic stress as
a function of absorbed power. Again, we calculated
the absorbed power using U!"4

%
"a

!"4
U*/#

%
A

#!/5
/A

4105
. In Fig. 5 we plotted the measured be-

nding of a Pt}Si microcantilever as a function of
absorbed power using a diode laser source with
wavelength j"1550 nm. The de#ection of the
Pt}Si microcantilever was primarily due to elec-
tronic stress caused by internal photoemission and

was found to increase linearly with increasing
power with a de#ection sensitivity R"

0.0527 m/W. In our studies the smallest positional
changes we measured were a fraction of a nano-
meter. However, much smaller values are possible
(10~12 m) corresponding to a minimum detectable
power of 10~11 W which, in turn, tranlates to detec-
tivity DH&109 cm Hz1@2 W~1 at 30 Hz. This value
is one order of magnitude higher than the DH re-
ported for microcantilever thermal detectors [10].

Our results demonstrate that exposing Pt}Si
microcantilevers to photons with energies above
the PtSi Shottky barrier produces a photo-
induced mechanical stress, which dominates over
thermally-induced stresses. However, when the
photon energy is below the PtSi Shottky barrier,
thermal e!ects dominate. We found that the de#ec-
tion of Pt}Si microcantilevers depend linearly on
photoemissively induced stress which, in turn, de-
pends linearly on the input optical power and is
manifested with fast response times. Furthermore,
this mechanism does not rely on changes in the
temperature of the microstructure and therefore
thermal isolation (that is crucial to the operation of
thermal detectors) has minimal in#uence. Utilizing
such a detection mechanism, it may be possible to
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construct micromechanical photon detectors based
on internal photoemission. Unlike thermal de-
tectors that respond slowly (response times &ms)
to impinging photons via temperature changes,
a detector based on the photo-induced stress will
respond both more sensitively and rapidly to in-
coming photons, with fast response times ( ms.
Usually, the sensitivity of micromechanical photon
increases as the thickness to length ratio of the
microstructure decreases. However, in devices with
smaller thickness the photon absorption is less.
One way to increase photon absorption even in
thin devices is to form a `detuneda Fabry}Perot
cavity where one wall of the cavity is the microm-
echanical photon detector.

An essential aspect of any scheme for microm-
echanical photon detection is the ability to sensi-
tively detect physical changes resulting from
photo-induced stress, since this directly a!ects the
sensitivity and precision in measurement of photon
#ux. As an initial evaluation of the ability to detect
optically induced bending of a microstructure,
Pt}Si microcantilevers were subjected to both
mechanical and optical excitation, and their re-
sponse measured as a function of excitation fre-
quency. Mechanical excitation was achieved by
driving a piezoelectric element with the reference
signal from the lock-in ampli"er; such a mechanical
excitation response is helpful in locating resonance
frequencies for allowed microcantilever bending
(vibrational) modes.

5. Conclusions

The results of the present work demonstrate that
Pt}Si microstructures represent an important de-
velopment in micromechanical photon detector
technology, and can be expected to provide the
basis for considerable further development. For
example, vastly improved micromechanical photon
detectors could be produced by making relatively
simple changes in the materials and geometries
used in MEMS fabrication. It is possible to design
microstructures with much smaller force constants
by varying their geometry, and in contrast to the
devices used in this study, microstructures with
force constants as small as 0.008 N/m can be pro-

duced. Since the fundamental mechanical reson-
ance frequency of a microstructure is proportional
to the square root of the spring constant, k1@2,
reductions in force constant can be used to bring
resonance into ranges compatible with mechanical
chopping frequencies.

The micromechanical spectral response can be
easily tailored through the application of speci"c
antire#ective coatings and choice of material for
fabrication. This means that MEMS photon
detectors can be fabricated using standard
semiconductor methods and materials, and as
a consequence could be mass produced at very low
cost. Hence, two-dimensional cantilever arrays
based on the technology described here, could be-
come very attractive for a number of applications
due to their inherent simplicity, high sensitivity,
and rapid response to optical radiation. While the
optical readout method is useful with single ele-
ment designs, practical implementation of large mi-
cromechanical arrays may require the use of other
readout methods, such as di!ractive, piezoresis-
tance or capacitance. Fortunately, the MEMS tech-
nology's compatibility with a variety of readout
methods also a!ords tremendous #exibility to po-
tential system designers.
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